A novel integrable modulator consisting of a polarization modulator and a polarizer is proposed for constructing a high-performance analog photonic link. By adjusting a polarization controller placed before the modulator, both amplitude modulation and phase modulation with adjustable ratio between them are implemented. This feature is used to shift the peak of the frequency response of a dispersive link to any desired frequency, so the dispersion-induced power fading around the frequency is compensated. A proof-of-concept experiment is performed. The compensation of the dispersion-induced power fading in the proposed analog photonic link increases the spur-free dynamic range as large as 12.5 dB. © 2012 Optical Society of America OCIS codes: 060.2360, 130.4110.
Analog photonic links (APLs) have attracted significant interest in various applications, such as radar systems, wireless communications, and phased array antennas, thanks to the advantages in terms of low insertion loss, broadband, light weight, and immunity to electromagnetic interference as compared with its electronic counterpart [1] . However, chromatic dispersion (CD) of the optical fiber would lead to spectrally periodical power fading because a conventional intensity or phasemodulated APL employs double sideband (DSB) modulation. To reduce the power fading, one method is to use optical single sideband (SSB) modulation [2] [3] [4] [5] [6] [7] , but a wideband and wavelength-tunable optical SSB modulator is not easily achievable [8] . In [9] , the modulation chirp in a directly modulated laser diode (LD) is used to reduce the CD effect in the APLs. However, the frequency chirp in the LD is fixed, so the operation is effective only to APLs with a certain length of fiber or signals at a certain frequency. Recently, a carrier phase-shifted DSB modulation to compensate the dispersion-induced power fading by a dual-parallel Mach-Zehnder modulator (DPMZM) was proposed [10] . The approach can be operated for signals at any frequency, but one of the sub-MZM in the DPMZM must be biased at the minimum transmission point (MITP). The key limitation associated with the operation of an MZM at the MITP is the bias drifting problem, which reduces the system stability.
In this Letter, a novel APL based on an integrable modulator consisting of a polarization modulator (PolM) and a polarizer is proposed and demonstrated. The modulator can perform simultaneously amplitude modulation and phase modulation. The ratio between the two modulations can be adjusted by changing the polarization state of the optical signal introduced to the modulator, which is then used to compensate the dispersion-induced power fading in the APL. An experiment is carried out. The maximum point of the frequency response can be shifted to any frequency of interest. The proposed APL has a spur-free dynamic range (SFDR) improvement as large as 12.5 dB as compared with a conventional intensity-modulation-based (IM-based) link with 20 km singlemode fiber (SMF). Figure 1 shows the schematic diagram of the novel integrable modulator consisting of a PolM and a polarizer. The PolM is a special phase modulator that can support both TE and TM modes with opposite phase modulation indices [11, 12] . When a linearly polarized incident light is oriented at an angle of α to one principal axis of a PolM, complementary phase modulation signals are generated along the two principal axes. The normalized optical field at the output of the PolM along the two polarization axes can be expressed as E x E y cos α exp jω c t jγ cos ω m t jφ 0 sin α exp jω c t − jγ cos ω m t ; (1) where ω c is the angular frequency of the optical carrier, γ is the phase modulation index, ω m is the angular frequency of the modulating signal, and φ 0 is the phase difference between E x and E y , which can be changed by adjusting the DC bias of the PolM or a polarization controller (PC) placed before the PolM.
When the complementary signals are sent to a polarizer with its principal axis oriented at an angle of 45°to one principal axis of the PolM, we obtain sin α − cos αe −jγ cos ω m t .
As can be seen from Eq. (2), the integrable modulator simultaneously performs amplitude modulation and phase modulation. The ratio between the two modulations can be adjusted by changing α, i.e., the angle of the polarization direction of the incident light and the principal axis of the PolM, which can be implemented by tuning a PC placed before the PolM.
When the signal in Eq. (2) is introduced to a dispersive link, we get Et 2 p 2 e jω c t J 0 γe jφ 0 θ 0 cos α e jθ 0 sin α
where J n denotes the nth-order Bessel function of the first kind, θ 0 , θ 1 , and θ −1 are the dispersion-induced phase shifts of the optical carrier, the lower first-order sideband and the upper first-order sideband, respectively [13] . In writing Eq. (3), small-signal modulation is assumed, i.e., higher-order sidebands are neglected. Expanding the propagation constant β in the Taylor series, we have [13] 8 < :
where z is the transmission distance, τ 0 is equal to zβ 0 ω c , D ω is equal to zβ 00 ω c , and β 0 and β 00 are the firstand second-order derivatives of β with respect to the optical angular frequency.
Applying the optical signal to a photodetector (PD) for square-law detection and ignoring the DC component, we obtain
Tuning the DC bias of the PolM to let φ 0 π∕2, Eq. (5) can be rewritten as
As can be seen from Eq. (6), the obtained current is proportional to a coefficient η sin 2α 1∕2D ω ω m 2 , so the power varies periodically as the square of the angular frequency ω m . To construct a low-loss link at a desired frequency, we should let jηj equal one, i.e.,
For a given APL, the center frequency ω m of the analog signal and the length of the link is known. Equation (7) can be easily satisfied if the polarization state of the optical signal introduced to the modulator is carefully adjusted by a PC placed before the PolM. When Eq. (7) is satisfied, the peak of the frequency response of the APL can be shifted to ω m and the power fading around this frequency can be reduced.
An experiment is performed based on the setup shown in Fig. 2 . Since the integrable modulator has not been fabricated, we implement it by an equivalent setup using separated devices consisting of a PC (PC2), a PolM, and a polarization beam splitter (PBS), which serves as a polarizer. A second PC (PC1) is placed before the PolM to align the polarization direction of the incident light with an angle of 45°to one principal axis of the PolM. In the equivalent modulator, PC2 is adjusted to align the principal axis of the PBS to have an angle of α to one principal axis of the PolM. After transmission over 20 or 40 km SMF, the optical signal is sent to a PD with a responsivity of 0.65 A∕W and a 3 dB bandwidth of 40 GHz. The frequency response of the proposed APL is measured by a vector network analyzer, the electrical spectra are observed by an electrical spectrum analyzer (Agilent E4447AU), and the eye diagrams are measured by a sampling oscilloscope (Agilent 86100A). Figure 3 shows the frequency responses of the polarization-modulated link with 20 or 40 km SMF. As a comparison, the frequency responses of a conventional IM-based link with the same length of SMF are also plotted. For the IM-based link, the ratio between the amplitude modulation and phase modulation is fixed, so signals at certain frequencies (e.g., 14.64 and 33.95 GHz in the 20 km link and 15.36 and 28.09 GHz in the 40 km link) would undergo serious CD-induced power fading. On the contrary, the ratio between the amplitude modulation and phase modulation in the polarization-modulated link can be easily adjusted by the PC to eliminate the power fading at any desired frequency. For instance, we successfully change the frequency responses from the notches in the IM link to peaks in the proposed link, as shown in Fig. 3 .
In order to evaluate the transmission performance, a microwave signal with data modulation is distributed in the proposed APL and the IM-based link with 20 km SMF. The microwave signal is generated by mixing a 500 Mb∕s pseudorandom bit sequence with a 14 GHz sinusoidal signal at an electrical mixer. Figures 4(a)-4(c) show the eye diagrams and the electrical spectra of the signals in the two 20 km links. The electrical spectrum is significantly attenuated for the IM-based link. Correspondingly, the eye diagram is distorted, as shown in the inset of Fig. 4(b) . For the polarization-modulated link, however, both the eye diagram and the electrical spectrum almost keep the same as the back-to-back case, as shown in Fig. 4(c) , indicating that the compensation of the dispersion-induced power fading around 14 GHz greatly improves the transmission performance.
The SFDRs of the IM-based link and the proposed APL with 20 km SMF are also measured. A two-tone signal centered at 14 GHz with a separation of 20 MHz is generated by a vector signal generator (Agilent E8267D) and sent to the PolM via its RF port. As shown in Fig. 4(d) , the SFDRs of the two linksare 82.4 and 94.9 dB · Hz 2∕3 when the noise floor is −160 dBm∕Hz, indicating that the compensation of the dispersion-induced power fading in the proposed APL increases the SFDR as large as 12.5 dB as compared with the conventional IM-based link.
In conclusion, a novel integrable modulator for APLs with compensation of the dispersion-induced power fading was proposed and demonstrated. The power fading at any frequency of interest could be compensated by adjusting a PC placed before the modulator, which significantly improves the performance of the APLs. The proposed APL may find applications in radar systems, wireless communications, and phased array antennas.
